Abstract-In this paper, we discuss the Purcell effect, which enhances the spontaneous emission rate, in microdisk lasers operating at room temperature by continuous wave photopumping. We theoretically analyzed the Purcell effect at room temperature by using the four-level rate equations that include the intraband relaxation and the nonradiative effect. We also fabricated 1.55-m GaInAsP microdisk lasers with a minimum diameter of 1.7 m and a minimum threshold power of 19 W. Then, we measured the carrier lifetime in a 2.6-m-diameter device by the phase-resolved spectroscopy method, and confirmed that the carrier lifetime was shortened to 1/10 of that in the as-grown epitaxial wafer at a low pump level. From the comparison between the theory and the experiment, we estimated the Purcell factor to be 6.7, the spontaneous emission factor to be 0.11, and the nonradiative lifetime to be 4 ns. The nonradiative lifetime was consistent with that estimated by another methods. We believe that this is the first demonstration of the Purcell effect in semiconductor microcavities at room temperature.
I. INTRODUCTION

M
ICROCAVITY lasers are expected to realize an extremely high efficiency and high speed by the volume effect and the spontaneous emission control. In 1946, Purcell predicted that mode density will be increased and the spontaneous emission rate will be enhanced (i.e., the spontaneous emission lifetime will be shortened) in a microcavity with a high and a small volume [1] . The rate of this lifetime shortening , which is proportional to , is called Purcell factor, and has been discussed by many authors [2] - [4] . Recently, 100-155 was experimentally evaluated for vertical cavity surface emitting lasers, microdisks, and photonic crystals fabricated into GaAs compound materials [5] , [6] . However, these experiments were carried out at a cryogenic temperature, and the relation between the Purcell effect and light-emission characteristics was not clearly discussed. Since the nonradiative process is negligible and spectral broadening is sufficiently suppressed at a cryogenic temperature, the interaction between a single electron and a photon with an enhanced mode density can be ideally investigated. On the other hand, the nonradiative process increases, which significantly changes the emission characteristic at room temperature. A meaningful evaluation is difficult in GaAs-based microlight emitters, since the surface recombination is dominant at room temperature. Furthermore, a complicated process including a wide spectral broadening and the intraband relaxation of electrons should come into the picture.
In this study, we investigated these phenomena using GaInAsP microdisk lasers emitting at a wavelength of 1.55 m [7] - [10] . The microdisk strongly confines the whispering gallery mode (WGM) in the disk active layer by the total internal reflection at semiconductor/air boundaries. The size reduction of this cavity is easy, due to its simple geometry and high factor. Moreover, the GaInAsP compound materials allow a low-threshold lasing and the Purcell effect at room temperature, since the surface recombination velocity of GaInAsP is one to two orders of magnitude lower than that of GaAs [4] , [11] - [13] . So far, we have reported low-threshold continuous wave (CW) lasing in a current-injection device [14] and in a photopumped device [15] . Also, we have evaluated the spontaneous emission factor by the simple curve-fitting method, where the Purcell effect was neglected [16] . In this study, we theoretically analyzed the GaInAsP microdisk laser using the four-level rate equations including the intraband relaxation [17] , [18] and the nonradiative effect. In the experiment, we reduced the device size to a smallest limit determined by the diffraction loss of the WGM, and reduced the threshold. Furthermore, using the phase-resolved spectroscopy, [11] , [19] we measured the carrier lifetime of an epitaxial wafer, a mesa, and a microdisk. From the comparison between the theory and the experiment, we evaluated the Purcell factor, the spontaneous emission factor, the nonradiative lifetime, and the lasing threshold at room temperature, and checked their consistency. This paper describes the rate-equation analysis in Section II, the experiment in Section III, and discusses the correspondence between them in Section IV.
II. RATE-EQUATION ANALYSIS
A. Formalisms and Solutions
To take into account the spectral broadening at room temperature, we consider the carrier density (the number of careers divided by the active region volume) in the homogeneous broadening spectrum, which contributes to the laser mode, and 1077-260X/03$17.00 © 2003 IEEE another carrier density outside of the homogeneous broadening spectrum. It is considered that relax with a short spontaneous emission lifetime by the Purcell effect and with the normal lifetime . Then, the four-level rate equations on , , and the photon density (the number of photons divided by the active region volume) of the laser mode are expressed as [17] , [18] (1) (2) (3) where is the pump rate density, the light velocity in vacuum, is the group refractive index, is the confinement factor of the laser mode energy into the active region, is the linear gain coefficient, is the transparent carrier density, is the nonradiative recombination lifetime, and is the photon lifetime. is the spontaneous emission factor defined by the ratio of the spontaneous emission energy coupled into the laser mode to the total spontaneous emission energy. This definition is the same as that for , [20] , [21] but we use here a new symbol to emphasize that it is determined with the influence of the Purcell effect.
The last term in (1) and (2) expresses the intraband relaxation under the thermal equilibrium condition.
is the intraband relaxation lifetime. It is typically 0.3 ps for GaInAsP [22] , [23] . is the ratio of the homogeneous broadening to the whole spectral broadening . Using the rectangular spectrum approximation, it is simply expressed as [17] , [18] (4) For 1.55-m GaInAsP compressively strained quantum-wells (CS-QWs), which were used in the experiment of this study, the photoluminescence spectrum exhibited an energy broadening of 36 meV (or a wavelength broadening of 70 nm). The simplest approximation is to use this broadening as . We consider that this approximation can still be used in a microdisk, when the Purcell effect is not so strong as to change equilibrium condition between and and change the spectral broadening. Then, is calculated to be 0.12 for 0.3 ps. Steady-state solutions of (1) (6) (7) where (8) The approximate expression was given by the relation , , .
B. Lifetime and Spontaneous Emission Factor
The Purcell effect is expected to enhance the spontaneous emission rate of the laser mode. Therefore, if one directly measures the time decay of the laser mode far below laser threshold, one will directly evaluate the Purcell factor F. On the other hand, if one uses the fitting of a theoretical result of the rate equation analysis to an experimental result, one should evaluate the spontaneous emission lifetime. The spontaneous emission lifetime is defined as the inverse of the spectral integration of the spontaneous emission rate. As shown in Section III, we performed the carrier lifetime measurement and evaluated the spontaneous emission lifetime. Here, the laser mode decay below threshold was not selectively observed but the lifetime was measured over whole the spontaneous emission spectrum. With this background, we discuss here the expression of the spontaneous emission lifetime and the spontaneous emission factor C' with the Purcell factor F.
As shown in Fig. 1 , homogeneous broadening spectra of other modes are overlapping with that of the laser mode. Let us use symbol as the spontaneous emission factor, which is estimated without considering the Purcell effect. Then, the total number of allowed cavity modes in the spectral broadening is expressed as from the simplest interpretation of the spontaneous emission factor [21] . And the number of the modes that overlap with the homogeneous broadening spectrum is expressed as . Let us assume that the Purcell factor does not act on other modes but only on the laser mode. That is, only the laser mode has the fast spontaneous emission lifetime and other modes have the normal spontaneous emission lifetime . Suppose that the transition of is determined by these lifetimes. The following relations are obtained (9) (10)
The approximate expressions were given by . Equations (9) and (10) indicate that and can be approximated as a function of . For a specified polarization mode, and are expressed as [4] , [10] (11) (12) where is the factor denoting the polarization anisotropy in the spontaneous emission, the relative confinement factor, which expresses the relative intensity of the mode standing wave at the active region, and the equivalent refractive index of the laser mode. is the cavity volume, but replaced by the equivalent cavity volume (mode volume) when the mode has a complex spatial distribution. From (11) and (12) (13) Fig. 2 shows the photon density calculated with the pump rate density normalized by the threshold. Referring to [10] , calculation parameters for a GaInAsP CS-QW active layer were determined to be , 0.078, 6 10 cm , 1.5 10 cm , 0.3 ps, 20 ns, and 3.5 ps. This large , which was not used in [10] , was assumed here, not only due to the large material dispersion near the band-edge wavelength, but also due to the large structural dispersion in the microdisk. But, we later noticed that the result was less dependent on . and are those used for a two-level rate-equation analysis. For the four-level rate equations, they are rectified by the relation and [18] . As shown in Fig. 2 , the sharp kink of at the threshold becomes unclear as increases and finally approaches the thresholdless characteristic. As decreases, below the threshold particularly decreases. Such characteristics on are qualitatively the same as those which do not involve the Purcell effect. Fig. 3 shows the career lifetime of in (8) . The lifetime is shortened when increases. It is very reasonable that the lifetime is further shortened by a shorter nonradiative lifetime . 
C. Calculation Examples
D. Threshold
The balance between gain and loss gives the threshold condition (14) where is the threshold carrier density of . By substituting (6) into (14) , the threshold pump-rate density is given by (15) One may think that the shortening of the spontaneous emission lifetime increases the threshold with relation . However, using (9) and (10), and relation , , , (15) is simplified to (16) In (16), effects of and disappeared, and only the effect of 1 remained. Therefore, the threshold does not increase even by a shorter spontaneous emission lifetime, but rather decreases by a large factor close to 1, even without the Purcell effect. This result is equivalent to that derived in [24] .
III. EXPERIMENTS
A. Device Fabrication and Lasing Characteristics
In this experiment, we prepared a 1.55-m GaInAsP CS-QW epitaxial wafer. The thickness and the strain of each of the five quaternary QWs were 5 nm and 1%, respectively. The thickness of 1.20-m quaternary barrier layers was 12 nm. Outside of these layers, there were gradient-index separate confinement heterostructure (GRIN-SCH) layers of 1.20-, 1.15-, and 1.10-m quaternary materials, each of which has 30-nm thickness. These layers were grown on n-type 2 10 cm InP substrate and covered with p-type 1 10 cm InP top layer. The active layer was undoped, but it was actually n-type doped of 10 cm order. The fabrication process of the device was the same as that shown in [15] . The circular resist pattern of 1.5-3.0-m diameters was formed by electron beam lithography, and cylinder mesas were formed by inductively coupled plasma etching. Finally, the InP above and below the active layer was selectively etched by HCl solution to form the microdisk supported by a narrow InP pedestal, as shown in Fig. 4 .
In the measurement, a semiconductor laser with a wavelength of 0.98 m was used as a photopump source. The light output from a multimode fiber of 100 m in core diameter was focused on a device by an objective lens. The emission from the device was detected by another multimode fiber whose tip was placed 100 m apart from the device, and analyzed by optical spectrum analyzer. The irradiated light spot was 40 m, and its intensity distribution was almost uniform. Therefore, by taking account of the resonant absorption [15] , the effective pump power is expressed as , where is the input power, is the disk radius, is the irradiated radius, is the reflectivity at the disk surface ( 30%), is the optical absorption coefficient of the disk 20 000 cm , and is the total thickness of the disk 248 nm . Fig. 4 also shows the room temperature CW-lasing characteristic of the device with a diameter of 1.7 m. The threshold light power irradiated to the disk (irradiated power) was 60 W, and the corresponding absorbed power by the disk (effective pump power) was 19 W. This was the lowest value for microdisk lasers so far reported. The lasing spectrum exhibited a single peak with a linewidth determined by the multimode fiber used for detection and the optical spectrum analyzer. Fig. 5 summarizes some data on threshold for current injection and photop- umped devices with various diameters, which were obtained in this group. In this figure, the threshold current in the injection devices can be directly compared with the threshold power in the photopumped devices, since the right axis is shifted against the left axis by the conversion factor from the current to the power. The threshold values in the injection devices are generally higher than those of photopumped devices, because of the nonuniform carrier distribution [10] . As the disk diameter 2 decreases, the threshold decreases in proportion to 2 . When it is 2 2 m, the threshold values of photopumped devices lie along a threshold density line of 460 W/cm . This value is lower than that for long-cavity broad-area lasers of the as-grown wafer, i.e., 600 W/cm (it was obtained by converting a measured threshold current density of 700 A/cm into the power dimension). Such a low threshold density is attributed to the strong optical confinement in the semiconductor/air waveguide of the microdisk. By the way, in Sections III-B and IV-B, we will show that the spontaneous emission lifetime was shortened in a 2.6-m-diameter device. However, a remarkable increase in threshold is not observed for this diameter in Fig. 5 . This shows that, as noted in Section II-D, the threshold is not influenced by the shortening of the spontaneous emission lifetime but can, rather, be reduced by factor 1 . But it is not clearly observed in Fig. 6 due to a small factor and a large nonradiative recombination, as discussed in Section IV. For 2 2 m, the threshold goes up from the threshold density line. It should be affected by the increase in surface recombination at the disk sidewall [11] , [12] and/or the increase in scattering loss caused by the imperfection of the disk [26] , [27] . The detail of the former issue will be discussed in Section IV. According to a three-dimensional finite difference time domain simulation, the smallest limit diameter of this device for lasing operation is 1.6-1.7 m in this wavelength range [28] . The minimum device in this study is equal to this limit diameter, so further size reduction may be difficult. In order to avoid the diffraction loss against further size reduction, more complex structures, such as microgears [29] , [30] and photonic crystals [31] , [32] are needed.
B. Lifetime Measurement
In the phase-resolved spectroscopy, the device was photopumped by a YAG laser light at 1.06 m, which was sinusoidally modulated by an electrooptic modulator with frequencies of 1-50 MHz. The time dependency of the emission from a device was measured through a bandpass filter of 1.52-1.58 m, which covered the center spectral range of the spontaneous emission. The time dependency of the pump light, which was reflected at the device surface, was also measured. The carrier lifetime was calculated by measuring the difference of the phase and the modulation rate between the two waves. Unlike the time-resolved method, which is widely used for the lifetime measurement, the time-average emission power in this method is three or more orders of magnitude higher, due to the CW pumping. Therefore, even in the wavelength range of 1.5-1.6 m, for which we have no photodetectors with a high sensitivity and a fast response time below 1 ns, we can measure the lifetime of weak spontaneous emission from a tiny device such as microdisks. Still, the minimum detected power was limited by the electrical signal noise from the modulator driver. We tried the spectrally resolved measurement for the direct evaluation of the Purcell factor by inserting a monochrometer in the optical path. However, this configuration did not provide sufficient stability of the result below threshold. Therefore, we employed the lifetime evaluation against the whole spontaneous emission spectrum by using the bandpass filter. The shortest lifetime measured in this system depends on the resolution of the phase difference, and it was nearly 0.1 ns in this experiment.
The smallest diameter device shown in Section III-A was not used for the lifetime measurement because of the degradation. Therefore, we used another device of 2.6 m diameter, which lased at 1.550 m, as a sample. The lasing characteristic measured in the setup explained in the previous section is shown in Fig. 6 . When the same characteristic was measured by the setup for the phase resolved spectroscopy, the spectral peak of the laser mode was only slightly higher than the background spontaneous emission spectrum at a low pump level below threshold. This is because the pumping and detection were carried out from the top direction in the measurement, and the radiation of the laser mode is not efficient in this direction. Such a condition is rather suitable for evaluating the lifetime discussed in Section III-B. Carrier lifetimes measured for the as-grown wafer, a 100 100 m square mesa, and the microdisk are summarized in Fig. 7 . The measurement was also carried out for a smaller mesa with the same diameter as that of the microdisk. But we eliminate the results from Fig. 7 , since the emission intensity was too weak to obtain reliable data. The carrier lifetime of the as-grown wafer was 20 ns at the lowest pump level and did not change notably with the increase in pump level. Even at the threshold pump level for the microdisk, it was still as long as 10 ns. This small change is considered to be due to the radiative recombination with dopants in the active layer [11] . Although a similar characteristic was observed for the large mesa, the carrier lifetime at the lowest pump level was shortened to 10 ns. In the microdisk, the carrier lifetime at this level was shortened to 2 ns. Near the threshold pump level, the lifetime decreased rapidly to 0.1 ns. At such a high pump level, the laser mode intensity is much stronger than the background spectrum. Therefore, we cannot evaluate the spontaneous emission lifetime but the stimulated emission in this regime.
IV. EVALUATION
A. Surface Recombination
The carrier lifetime shown in Section III-B is expressed as (17) where is the nonradiative lifetime by the nonradiative center induced during the epitaxial growth and the fabrication process, is the surface recombination lifetime, and is the Auger recombination lifetime. However, considering a high wafer quality and the low pump level, and are ignored in the following. The surface recombination lifetime is given by (18) where is the surface recombination velocity, is the exposed sidewall area of the CS-QWs, is the surface area of the sample, is an energy barrier from the electron energy in the CS-QWs to the sample surface, is a thermal energy (26 meV at room temperature), and is the volume of the CS-QWs.
The total thickness of the CS-QWs was 23 nm, and the piece of the as-grown wafer used for the lifetime measurement was of square-millimeter-order wide. Since the pump light was irradiated at the center of the wafer, the surface recombination at the sidewall can be neglected. In addition, it had a InP top layer, so is estimated to be 210 meV by approximating the electron energy as the quantized energy of the CS-QWs and assuming a band offset of the conduction band to be 40% of the bandgap energy difference. Since the surface recombination velocity of the same wafer was measured to be 1.2 10 cm/s, [12] at the wafer surface was estimated to be over 500 ns. This value is also negligible, compared with the measured carrier lifetime. Therefore, we can consider that measured lifetime of 20 ns is equivalent to the spontaneous emission lifetime of the wafer . The mesa was still larger than the irradiation area, so the surface recombination at the sidewall is negligible. However, the top InP was removed and the 1.1-m-quaternary GRIN-SCH layer was exposed in the mesa. Then, is estimated to be 127 meV, the corresponding surface recombination lifetime is 23 ns, and from (17), the carrier lifetime 11 ns. This estimation well agrees with the measured result. For the microdisk, the pump light absolutely covers the microdisk. Therefore, the surface recombination can occur at the sidewall, and 4.5 ns and 3.7 ns are estimated for a disk diameter of 2.6 m. This estimation does not agree with the measured value 2 ns. If one explains this discrepancy by the Purcell effect, one has to consider that the spontaneous emission lifetime of the as-grown wafer 20 ns was shortened to 3.6 ns.
B. Fitting With the Theory
In the phase-resolved spectroscopy described in Section III-B, we measured the lifetime of carrier density , i.e., , through the bandpass filter. Therefore, we can uniquely evaluate and by fitting theoretical results with measured results without using the discussion in Section IV-A. Figs. 3  and 6 show the results of the fitting. Only when 0.5 and 4 ns were assumed, theoretical results were fitted to all the experiment results in Section III. This is in good agreement with the value evaluated in Section IV-A. It is seen from (9) that 0.5 corresponds to 5.2. This is also in good argument with the expectation in Section IV-A. Provided a typical factor of 2000 and 70 nm, then 0.074 and 6.7 are estimated from (13), and 0.11 from (10). Assuming the relative containment factor [4] of 1.5 for the relative position of the CS-QWs and the laser mode, the polarization anisotropy factor of 1.5 for the TE polarization in the CS-QWs, [10] 1.550 m, and the equivalent refractive index of 2.65 [4] , a mode volume 3.4 m is estimated from (13) . This value is nearly four times larger than 0.8 m , which is simply estimated by considering the mode distribution in this device. Inversely speaking, evaluated values of F and C are four times smaller than expected values. We consider two reasons. One is the detuning of the laser mode wavelength from the spontaneous emission peak. Although the spontaneous emission peak is 1.53-1.55 mm in the as-grown wafer, it can be shifted to longer wavelength under the influence of the strain relaxation in the CS-QWs [33] . It has been shown that by the detuning of 50 nm, C is reduced four times smaller. The other reason is regarding the measurement of the carrier lifetime. Ideally, the spectral range for the measurement should be limited to the homogeneous broadening of the laser mode so that t1 is selectively evaluated. But actually, the bandpass filter used in the measurement covered a wider spectral range. In addition, not only the disk edge, at which the laser mode is localized, but also the disk center was photopumped. Therefore, the measured wave included the emission from the disk center. These might weaken the influence of the Purcell effect on the measured lifetime.
V. CONCLUSION
The four-level rate equation analysis was carried out and the Purcell effect at room temperature was estimated for GaInAsP microdisk lasers. In the experiment, the room temperature CW lasing with an effective threshold pump power of 19 was obtained for the smallest disk diameter 1.7 , which is almost the smallest limit of this type of device. Moreover, the carrier lifetime in a 2.6--diameter device was measured, and it was found that the lifetime of the device was ten times shorter than of that of the as-grown wafer. From the comparison of theoretical and the experimental results, the Purcell factor of 6.7, the spontaneous emission factor of 0.11 and nonradiative radiative lifetime of 4 ns were estimated. These results showed a good consistency with other estimations. The analysis also indicated that the lasing threshold has no dependency on the Purcell effect. This result is confirmed by checking the experiment data.
So far, the Purcell effect has been evaluated only at cryogenic temperature. Therefore, this study is the first demonstration of this effect in a semiconductor microcavity laser at room temperature. As a future work, the observation of the time decay of laser mode below threshold by a high sensitivity photodetector will allow more direct evaluation of the Purcell factor. A larger Purcell factor is expected in a smaller microdisk and/or a single defect photonic crystal laser [31] , [32] with a fine control of laser mode. For a very strong Purcell effect, the relation of the intraband relaxation and the carrier dynamics will play a more significant role in the spontaneous emission process. Under such condition, we may not be able to approximate the spectral broadening of the spontaneous emission in the cavity by that of the as-grown wafer. It is an interesting next issue to be investigated. Besides, the nonradiative recombination still exhibited a significant influence in the experimental result. Therefore, further investigation on its reduction method such as that described in [12] is desirable.
